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Abstract 
In order to understand correlation between new particle formation (NPF) and long-range transport 
of pollutants in East-Asia region, in this study, field observations were carried out at Fukue Island 
located in the south western boundary of Japan in March 2012, and in February and November 2013. 
The results of field observations showed that NPF events exhibited unique features, i.e., NPF event 
with/without pre-existing particles depending on the pollution level of air mass originated in East-Asia 
region. In addition, the onset diameters of NPF showed a different tendency as SO2 concentrations 
and the onset time of nucleation burst. In order to investigate formation condition of NPF, the 
optimization of particle size magnifier (PSM) was conducted. The results showed that Dp50 was 2.2 nm in 
mobility diameter, and molecular ions as small as 1 nm could be detected at lowest temperature of 
operating condition. In addition, the PSM optimized in this study can be used to analyze the initial stage 
of new particle formation (NPF) process.  
The formation and subsequent growth of nanoparticles in atmospheric environment (i.e. new particle 
formation; NPF) has a significant impact on the balance of solar energy reaching the Earth’s surface, and 
it also has indirect effect as cloud nuclei. For these reasons, the basic understanding of NPF processes has 
become an important issue and many field campaigns have been conducted in various environments such 
as forest, coastal regions and urban areas. However, experimental data is limited for NPF process in 
East-Asia region, where the long-range transport of polluted air mass takes place occasionally. In order to 
understand correlation between NPF and long-range transport of pollutants in East-Asia region, in this 
study, field observations were carried out at Fukue Island located in the south western boundary of Japan.  
The first field observation was conducted at Fukue Island supersite (128.7°E, 32.8°N) in Japan from 9 to 
16 March, 2012. Fig. 1 shows the time-resolved data for particle size distributions, particle number 
concentrations, concentrations of SO2, BC and chemical compositions in particles measured in March, 
2012. As shown in Fig. 1a, the concentration of particles between 100 nm and 300 nm sharply increased 
at 5:00 am and then gradually decreased from noon. In this period, increase in BC, SO2 and particle mass 
concentration of organics, sulfate, ammonium and nitrate were also observed simultaneously. Judging 
from these data, it was found that a highly polluted air mass was transported by a north wind from the 
continent to this area. Fig. 2a shows the back-ward trajectory with arrival time of every 6 hours from 9:00 
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am, 10 March (about 1 day prior to the event). It was found that the source position moved from east to 
west and passed through an industrial area in China at black solid line in Fig. 2a. The arrival time of 
trajectory black solid line matched the time of the transport event observation on Fukue Island. 
Consequently it was concluded that the transport event (tentative increase in the air pollution level) 
originated in the transport of polluted air mass from the continent. 
In the later stage of this transport event, an increase in the concentration of ultrafine (about 60 nm) and 
nucleation mode (about 25 nm) particles was also observed around noon. As a result, a trimodal 
distribution with mode diameter around 25 nm, 60 nm and 150 nm was identified between 11:00 am and 
12:00 pm (Fig. 3). In general, such an increase in the small particle concentration is observed under low 
background particle concentration, since supersaturated vapor is preferably condensed heterogeneously 
onto the pre-existing particles. However, the particle formation observed from 11:00 am to 12:00 pm is 
considered to be a NPF event because i) a sudden increase in the total particle concentration (>3 nm) was 
also observed by CPC as shown in Fig. 1a (center panel) ii) the particle formation occurred at peak UV 
intensity (not shown). 
  
Fig. 1 Particle size distributions (14< Dp<640 nm), particle number concentrations, concentrations of SO2 
and BC, and mass concentrations of particle component in March, 2012. Left panel (a) indicates the result 





   
Fig. 2 Results of air mass trajectory at 500 m altitude for 3 days during the particle formation (a) and 
transport event (b) in Fukue Island. The time difference between UTC and local time is 9 hours. 
From Fig. 2b, there was almost stable wind during this period from East China through Korea. As 
shown in Fig. 1b (center panel), sudden increase in the particle number concentrations like previously 
mentioned phenomenon, i.e. nucleation burst, was observed up to 15,000 cm-3 from 12:00 pm. After that 
the appearance of size distribution in the nucleation mode (around 20 nm) was identified around 14:00 
pm, 12 March, and they gradually grew into ultrafine particles with a growth rate of 1.47 nm h-1 (Fig. 1b 
top panel). It should be noted that concentrations of BC (<1 μg m-3) and total number concentration of 
particles (>3 nm) were almost at the background level in the earlier stage of the event. From these results, 
NPF events exhibited unique features, i.e., NPF event with/without pre-existing particles depending on 
the pollution level of air mass originated in East-Asia region. However, it is necessary to detect the 
particles smaller than 14 nm to clarify characteristics of NPF for the particle nucleation rate (formation 
rate) and particle growth rate in the initial stage of NPF. 
 
Fig. 3 Trimodal distribution with mode diameter around 20 nm, 60 nm and 150 nm observed at noon on 
11 March, 2012. 
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February 2013 November 2013 
Fig. 4 Variations of (a) the particle size distributions, (b) the particle number concentrations, (c) the mass 
concentrations of chemical component in particles, (d) the concentrations of PM2.5 and SO2, (e) the UV 
intensity and wind direction (WD) and (f) temperature, relative humidity and precipitation event observed 
in February and November, 2013. 
Table 1 Summary of NPF events at Fukue Island in February and November 2013. 
Date 
Onset time (local time) Formation rate 
(cm-3 s-1) 
Growth rate 
(nm h-1) Nucleation burst Particle growth 
2 23 10:40 (1st), 12:00 (2nd) 11:02 (Dp : 4 nm) 1.24, 0.92 3.13 
 24 10:00 10:00 (Dp : 4 nm) 3.00 1.91 
 25 10:10 10:40 (Dp : 5 nm) 1.11 2.69 
 28 11:10 11:16 (Dp : 4 nm) 1.12 5.12 
3 2 13:00 (1st), 14:30 (2nd) 13:14 (Dp : 14 nm) 1.04, 1.08 4.11 
 3 14:00 14:00 (Dp : 16 nm) 0.78 2.87 
 4 11:30 (1st), 13:00 (2nd) 11:30 (Dp : 4 nm) 1.15, 1.65 5.46 
 5 10:00 (1st), 12:00 (2nd) 10:12 (Dp : 4 nm) 1.02, 1.04 3.56 
11 8 10:30 11:00 (Dp : 7 nm) 4.47 6.34 
 11 13:00 13:07 (Dp : 13 nm) 3.38 1.95 
 12 13:30 (1st), 15:00 (2nd) 15:18 (Dp : 14 nm) 1.48, 1.24 2.57 




Table 2 Summary of observation data of NPF events in February and November 2013.  
NPF event 
February 2013 November 2013 
Type 1 Type 2 Type 1 Type 2 
N = 6 N = 2 N = 1 N = 3 
SO2 (ppb) 3.43 ± 0.18 1.08 ± 0.05 4.24 ± 0.08 0.69 ± 0.02 
UV (W m-2) 
808 ± 42 
(427 ± 26) 
845 ± 38 
(313 ± 39) 
679 
(362 ± 58) 
621 ± 112 
(193 ± 27) 
T (oC) 9.31 ± 0.21 6.56 ± 0.15 17.22 ± 0.28  11.66 ± 0.1 
RH (%) 44.1 ± 0.8 51.08 ± 0.61 50.33 ± 1.57 53.3 ± 0.4 
WV (m s-1) 1.65 ± 0.06 2.06 ± 0.09 0.74 ± 0.07 1.40 ± 0.06 
In order to measure the size distribution of particle less than 14 nm generated in the initial stage of the 
NPF, additional field observations were conducted in February and November 2013 using a SMPS 
equipped with nano-differential mobility analyzer (nano-DMA), which can classify nanoparticles as small 
as 3 nm. The onset time of NPF event was slightly earlier than a peak of UV irradiation, and the time 
variations of particle size distribution exhibited clear banana-shape curve. Two criteria were adopted in 
order to identify the occurrence of NPF event; (i) the existence of nucleation burst (i.e., appearance of 
nucleation mode particles with a high concentration), (ii) the growth of nucleation mode particles to 
larger particles. By applying the criteria to Fig. 4, eight NPF events on 23, 24, 25, 28 February, 2, 3, 4 and 
5 March, and four NPF events on 8, 11, 12 and 13 November were identified respectively. Most of onset 
diameter for the NPF observed in February started from around 4 nm (type 1), and it is smaller than that 
measured in November (around 15 nm, type 2) as shown in Table 1. In order to determine the correlation 
for the onset diameter of NPF event, we summarize the mean values for meteorological parameter and 
concentration of gaseous and particular matters about each type (Table 2). Most of onset diameter of NPF 
event measured the size distribution of particle form 4 nm (type 1 measured in February and November), 
when concentration of SO2 is higher than 2 ppb. It is well known that SO2 is one of an important source to 
occur the NPF due to homogeneous nucleation of H2SO4 formed in oxidation of SO2. 
Moreover, when we compare to the start time of nucleation burst and particle growth between type1 
and type 2, the onset time of nucleation burst of type 1 was between 10:00 and 12:00 (Table 1). In that 
time, the concentration of SO2 showed a decrease tendency from higher concentration (Fig. 4). It is 
possible that the nucleation burst was occurred under enough concentration of SO2 condition. In contrast 
the nucleation bursts of type 2 occurred between 12:00 and 14:00 (Table 1) with increase in concentration 
of SO2 from lower level (Fig. 4). Consequently it is considered that the onset time of nucleation burst and 
the variation of SO2 concentration at that time are an important parameter in the initial stage of NPF 
process. In addition the other possibility is that the NPF observed in November occurred in the upstream 
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region before reaching to Fukue Island. In order to investigate the formation condition of new particles, it 
is necessary to measure the nanoparticles of nuclei with diameter smaller than 3 nm generated in the 
earliest stage of NPF. 
For this purpose, the optimization of operating condition of the new nanoparticle counter, particle size 
magnifier (PSM) was conducted. The schematic diagram of PSM used in this study is shown in Fig. 6. In 
the evaporator, DEG is fed to a sintered porous metal filter at a constant flow rate by a syringe pump. The 
metal filter is heated to an evaporation temperature, Te, and evaporated DEG is entrained by nitrogen gas 
(N2). This evaporation system can control the vapor concentration by changing the feed rate of liquid 
DEG without changing the evaporation temperature; accordingly, DEG/N2 mixtures with different 
concentrations at a constant temperature can be fed to the mixing part. In the mixing part, incoming 
aerosol is cooled to aerosol temperature, Ta, prior to mixing by using a Peltier cooling device. The PSM 
can control the value of Ta, and it was maintained at either 0, 10 or 20 0.1°C in this study. At the center 
of the mixing part, cold aerosol and hot DEG vapor are mixed near adiabatically in a narrow space which 
is separated from walls, and the DEG vapor become supersaturated due to the decrease in temperature 
after mixing. The mixing region is designed to minimize wall depositions of working fluid vapor.  
 
Fig. 6 Schematic diagram of PSM used in this study. 
The effect of nucleation temperature on the heterogeneous nucleation inside the PSM can be analyzed 
using Kelvin-Thomson theory on ion-induced nucleation, which gives the relationship between critical 
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where v1 is the volume of a molecule, k is the Boltzmann’s constant,  is the surface tension,  is the 
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According to the classical theory on the ion-induced nucleation, when S is equal to Smax the vapor 
nucleate onto all charged nuclei. Accordingly, the critical supersaturation has a constant value Smax across 
particle diameter smaller than DP@Smax. 
Homogeneous nucleation of working fluid vapor inside CPCs induces false counts, thereby raising the 
lower detection limit in terms of particle number concentration. The rate of homogenous nucleation, J, 
can be predicted by the classical nucleation theory  
,      (5) 
where C1 is the total number concentration of vapor monomer molecules under supersaturation, m1 is the 
mass of a molecule. 
The experimental nucleation rate of DEG vapor, J is obtained as J = C/tres, where C is the number 






























concentration of droplets at the outlet of the PSM and tres is the residence time in the condenser 
(approximately 1 second). At S =14.3 (TN=16.7°C), 10.7 (TN =25.0°C) and 7.7 (TN =33.3°C), particle 
number concentrations measured by the CPC at the outlet of PSM were as low as the value when a filter 
is attached to the CPC inlet. Nucleation rates of DEG vapor at three different temperatures in this study 
were calculated as a function of saturation ratios using Equation 5. 
Minimum detectable sizes were theoretically estimated as shown in Fig. 7. Solid lines are 
Kelvin-Thomson relation, and dashed lines account for residence time inside the condenser of PSM (the 
mean residence time calculated from the volume and flow rate of condenser was approximately 1 second). 
In the shaded area homogeneous nucleation of DEG vapor was observed to occur inside the PSM. 
(a) TN=33.3°C (b) TN=25.0°C (c) TN=16.7°C 
 
Fig. 7 Theoretically estimated relationship between the critical supersaturation versus particle diameter.  
Performance of the PSM was characterized by evaluating the size dependent counting efficiencies. Fig. 
8 shows the schematic of experimental setup used to measure the counting efficiencies. Silver 
nanoparticles and tetra-alkyl-ammonium mobility standard molecular ions were used as test aerosols. The 
silver nanoparticles generated by the evaporation-condensation method (carrier gas: N2) were diluted and 
classified by a nano-DMA to obtain monodisperse particles in 3 to 10 nm particle diameter range (Figure 
5-7). The mobility standard ions were generated by using an electrospray with N2 as a carrier gas, and 
classified by a homemade high-resolution DMA (HR-DMA). Both test particles were introduced to the 
PSM and aerosol electrometer (AE). Particle concentrations downstream of the PSM were measured 




Fig. 8 Experimental setup for measuring the counting efficiency of the nano-PSM. 
The counting efficiency of the PSM, PSM, is given by the following equation: 
              (6) 
where CPSM is the concentration measured by the CPC downstream of the PSM, CAE is the concentration 
measured by the AE, Qe is the volumetric flow rate through the evaporator, and Qa is the volumetric flow 
rate of aerosol. CPC is the counting efficiencies of the CPC at sizes larger than 20 nm. 
(a) TN=33.3°C (b) TN=16.7°C 
Fig. 9 Counting efficiencies as a function of mobility diameter at TN =16.7°C (a) and TN =16.7°C (b). 
Fig. 9 show measured counting efficiencies as a function of mobility diameter. The shaded areas in the 
figures are the range of theoretically predicted minimum detectable sizes as already shown in Fig. 7. In 
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order to compare theoretical and experimental results on particle diameters under the same definition, 
theoretically predicted sizes were converted from geometrical diameter to mobility diameter by adding 
0.3 nm. The values of Dp50 of measured counting efficiencies of the PSM decreased from 3.0 nm to 2.2 
nm in mobility diameter when the nucleation temperature was lowered from 33.3oC to 16.7oC, and 
molecular ions as small as 1 nm could be detected. The values of Dp50 agreed well with ion-induced 
nucleation theory in which condensing DEG molecules could perfectly wet the surface of insoluble 
particles. Consequently, the PSM optimized in this study can accurately measure the number 
concentration and size distribution of particles as small as 2 nm and can be used to analyze the initial 
stage of new particle formation (NPF) process.  

